Introduction {#s1}
============

Up to 10% of all sudden cardiac deaths are caused by primary electrical disorders or ion channel diseases. As consequence, the identification of genetic mutations affecting these ion channels has opened a new area of translational research in cardiac electrophysiology ([@B1], [@B2]). Over the last decades, an early repolarization pattern had been considered as a benign finding, it is frequently observed on surface ECGs, characterized by J-point and ST segment elevation in 2 or more contiguous leads. More recently, the early repolarization pattern has increasingly attracted attention as it has been reported as a risk to idiopathic ventricular fibrillation and sudden cardiac death in case-control studies, characterized as early repolarization syndrome. This review provides a historic, epidemiologic and pathophysiologic background and describes diagnostic and therapeutic approaches in the treatment of early repolarization syndrome.

Historic perspective {#s2}
====================

In 1936, Shipley and Hallaran firstly described an early ST segment elevation in ECGs which they derived in a population of 200 young, healthy individuals. They observed this phenomenon in 25% of male and in 16% of female study participants ([@B3]). Two years later, in 1938, similar findings were observed in the surface ECG of an individual who died from hypothermia ([@B4]). In 1951, the term "Early Repolarization" was firstly used by Grant in a study on vector electrocardiography ([@B5]). Osborn described the classic J-wave in experimental hypothermia in 1953, presumably resulting from an increased dispersion of repolarization caused by a disproportionate abbreviation of the epicardial action potential compared to the endocardium ([@B6]).

Historically, early repolarization was described as a normal variant phenotype. Since the past decade, growing evidence exists about the association between an early repolarization phenotype and the incidence of sudden cardiac death ([@B7]). In 2008, Haïssaguerre et al. reported a significantly increased prevalence of early repolarization in patient cohort with history of idiopathic ventricular fibrillation ([@B8]).

Epidemiology {#s3}
============

Early repolarization can be observed in 1% up to 13% of the overall population, with a higher incidence in the more recent studies and in populations of athletes and adolescents. For a long time, early repolarization was associated with benign outcome ([@B9]--[@B13]). Recently, an association between early repolarization in the inferolateral leads and sudden cardiac death has been described in several studies. There may be two potential reasons for the observed variation in incidence of early repolarization between single studies: Firstly, the definition and interpretation of early repolarization used in different studies varies. Secondly, there are significant differences in baseline characteristics of studied populations. Studies which showed a correlation of early repolarization and sudden cardiac death included mainly Caucasian and Asian and less African or American individuals. It is noticeable that among all studied patients showing early repolarization, 75% were males ([@B13]--[@B15]). J point elevation is found more frequently in patients with idiopathic ventricular fibrillation than in healthy individuals ([@B11]). In concordance, in sudden cardiac deaths related to early repolarization, male gender is found in 75% ([@B8], [@B13]).

In a case-control study of Haïssaguerre et al. the prevalence of early repolarization was documented in 31% of patients with a history of idiopathic ventricular fibrillation, whereas only in 5% of healthy controls ([@B8]). In a meta-analysis, the absolute risk for sudden cardiac death in individuals with early repolarization syndrome is estimated to be 0.07% ([@B16]).

Pathophysiology and genetics {#s4}
============================

In early repolarization syndrome patients, current imbalances between epi- and endo-cardial layers result in a dispersion of de- and repolarization. These imbalances manifest as J wave or ST segment elevation on the surface ECG. In the epicardium, a larger transient-outward K^+^ (I~to~) and Adenosine triphosphate-sensitive current (I~KATP~), and a reduced inward sodium (I~Na~) and inward calcium (I~CaL~) current than in the endocardium result in greater net repolarizing outward current flow during the early phase of the myocardial action potential. In early repolarization patients, a further increase in epicardial net outward current results in an increase of differences of action potential between epi- and endo-cardium. The resulting prominent notch in the action potential of ventricular epicardium but not endocardium induces a transmural voltage gradient during ventricular activation and manifests as J wave on the surface ECG. The electrical heterogeneity results in so-called phase 2 reentries, which produce closely coupled PVCs capable of initiating circus movement reentry and ventricular fibrillation. (Figures [1A,B](#F1){ref-type="fig"}, [3A,B](#F3){ref-type="fig"}). The amplitude of the J waves, representing a disequilibrium between epi- and endo-cardial currents, increases during bradycardia phases and vagotonia, short-long sequences are then more likely to trigger ventricular fibrillation.

![**(A)** ECG example of a patient Nr. 1 with early repolarization syndrome. Two frequent clinical PVCs, arising from the septal basal RV, are documented. **(B)** The clinical PVC of early repolarization syndrome patient Nr. 1 induces an episode of ventricular fibrillation.](fcvm-05-00169-g0001){#F1}

Experimental studies showed that testosterone increases outward potassium currents, including the rapidly activating and the slowly activating component of the delayed rectifier potassium current, and decreased the inward L-type calcium current ([@B17], [@B18]). As the maintenance of the action potential dome is determined by a precise balance of currents, any agents that increase outward currents or decrease inward currents may increase the magnitude of the action potential notch, increasing the voltage gradient across the endo- and epi-cardium, thus augmenting ST-segment and J-point elevation.

The previously described male predominance in the prevalence of an early repolarization ECG pattern ([@B13]--[@B15]) may be attributable to the higher testosterone levels of males, resulting in an increased outward potassium current and an increased J point elevation.

Early repolarization is more frequently found in genetic relatives of patients with a history of arrhythmic sudden cardiac death, what suggests pro-arrhythmic genetic mutations and in several recent studies, early repolarization syndrome has been described as a kind of heritable disease. Population-based studies suggested some degree of inheritance of early repolarization ECG patterns ([@B19]--[@B21]). However, only a few genes have related to early repolarization syndrome have been identified by now. Mutations of KCNJ8, which encodes a subunit of the ATP-sensitive potassium channel, of the L-type calcium channel genes (CACNA1C, CACNB2B, CACNA2D1) as well as loss-of-function mutations of SCN5A are related to early repolarization and idiopathic VF ([@B22]--[@B25]). Most of the early repolarization syndrome causing gene mutations were detected in the sporadic cases and the current understanding of the genetic basis of early repolarization syndrome remains limited. It has recently been proposed that early repolarization syndrome may be a near-Mendelian or oligogenic inheritance disease ([@B21]).

Diagnosis {#s5}
=========

An "early repolarization pattern" is diagnosed on the surface ECG as a sharp, positive deflection at the onset of the ST segment, following immediately after a positive QRS complex. Also, as an increased J point level may be hidden in the terminal QRS complex, early repolarization may be indicated by a slurring of the terminal QRS complex. A J point elevation, exceeding 0.1 mV, has to be present in two or more contiguous inferior and/or lateral leads. The onset of the QRS slurring has to be entirely above the ECG baseline level, and the angle between the tangents of the slurring and the initial R downslope has to be \>10° ([@B26]). An "early repolarization syndrome" can be diagnosed, if the early repolarization pattern is found in a patient with a history of idiopathic ventricular fibrillation or polymorphic ventricular tachycardia. It is important to emphasize that an "early repolarization pattern" on its own is not a cardiac arrhythmic disease. The 2013 Expert Consensus Statement by Heart Rhythm Society (HRS), the European Heart Rhythm Association (EHRA), and the Asia Pacific Heart Rhythm Society (APHRS) summarizes diagnostic criteria: ([@B27]) Early repolarization syndrome **is diagnosed** by the presence of J-point elevation ≥1 mm in ≥2 contiguous inferior and/or lateral leads of a standard 12-lead ECG in a patient resuscitated from otherwise unexplained ventricular fibrillation/ polymorphic ventricular tachycardia.Early repolarization syndrome **can be diagnosed** in a SCD victim with a negative autopsy and medical chart review with a previous ECG demonstrating J-point elevation ≥1 mm in ≥2 contiguous inferior and/or lateral leads of a standard 12-lead ECG.Early repolarization pattern **can be diagnosed** by the presence of J-point elevation ≥1 mm in ≥2 contiguous inferior and/or lateral leads of a standard 12-lead ECG.

As an early repolarization pattern can be relatively frequently observed in the overall population, but also growing evidence exists that early repolarization is linked to sudden cardiac death, there is a specific need for risk stratification.

Life-threatening arrhythmias are often the first, unexpected clinical manifestation of early repolarization syndrome. An increase of J wave/ST segment amplitude has been described before the onset of ventricular fibrillation in early repolarization patients. Ventricular fibrillation is often initiated by short-long-short QRS sequences, with a single PVC falling into the T-wave of the preceding QRS complex ([@B28]).

ECG examples of early repolarization patients are presented in Figures [1](#F1){ref-type="fig"}--[4](#F4){ref-type="fig"}.

![ECG of patient Nr. 2 presenting with early repolarization syndrome. J point elevation is predominantly present in lead v3.](fcvm-05-00169-g0002){#F2}

![**(A)** An episode of non-sustained ventricular fibrillation, which occurred during baseline ECG recording of early repolarization syndrome patient Nr. 3. The VF episode was induced by the patient\'s early clinical PVC. **(B)** ECG recording of patient Nr. 3. The clinical PVC now induces an episode of sustained ventricular fibrillation.](fcvm-05-00169-g0003){#F3}

![ECG recording of patient Nr. 4 shows a predominant early repolarization pattern in the inferior leads.](fcvm-05-00169-g0004){#F4}

Risk stratification {#s6}
===================

Based on different studies linking early repolarization pattern to the incidence of sudden cardiac death, the majority of patients will remain asymptomatic, while arrhythmic events and sudden cardiac death will only occur in few patients. Thus, more precise tools for risk stratification and the identification of this minority of patients, who will experience events, remain a clinical need and challenge.

Observational studies subcategorized early repolarization ECG patterns to distinguish benign and malignant ECG variations. Tikkanen et al. classified ST segments as either horizontal/descending ( ≤ 0.1 mV within 100 ms after the J point) or upsloping/ascending (\>0.1 mV elevation throughout the ST segment). The ascending early repolarization pattern was found to be more frequent (\>85%) within the studied population of young athletes. In a large overall population, the horizontal/descending type was strongly associated with sudden cardiac death when compared to patients without early repolarization pattern, whereas the ascending pattern did not show significant association with sudden cardiac death ([@B29], [@B30]).

Roten et al. compared ECGs of healthy, asymptomatic patients with an early repolarization pattern ECG to patients with an early repolarization pattern ECG and history of ventricular fibrillation. The latter group had significantly longer QTc intervals, J waves and higher J wave amplitudes, low-amplitude T waves were found more frequently, and a lower T/R ratio. A low T/R ratio showed the strongest association with a malignant early repolarization variant among all studied parameters ([@B31]).

Bastiaenen et al. demonstrated the usefulness of exercise tolerance testing and Ajmaline provocation testing to unmask more malignant variants of early repolarization patterns. They conducted a study on 229 patients with a history of survived sudden cardiac death, ventricular arrhythmias, unexplained syncopes and a positive family history of sudden cardiac death. In 11% of studied patients, an early repolarization pattern was present in the baseline ECG. Exposing these patients with early repolarization pattern to exercise tolerance testing and Ajmaline provocation testing resulted in the disappearance of all ascending early repolarization patterns and patterns in the lateral leads. Sixty percent of horizontal/descending early repolarization patterns disappeared during Ajmaline provocation testing and only 25% disappeared during exercise tolerance testing. Patients with persistent early repolarization pattern showed a significantly higher frequency of arrhythmia related symptoms than patients in which early repolarization pattern had disappeared during testing ([@B32]--[@B34]).

Studies showed that patients with early repolarization pattern, found in the inferior leads, have a higher risk of mortality and sudden cardiac death. In patients aged older than 50 years, mortality between groups with and without early repolarization pattern additionally separates. Early repolarization may be interpreted to especially increase the risk of sudden cardiac death in the presence of additional triggers, such as acute ischemic events ([@B10], [@B11], [@B13]).

In asymptomatic patients, an electrophysiology study including programmed ventricular stimulation was not predictive for later ventricular arrhythmia in early repolarization syndrome patients ([@B35]). However in near future, advanced invasive and non-invasive electrophysiology technologies may improve risk stratification in patients with early repolarization pattern: Electrocardiographic imaging is a novel, non-invasive imaging technology which is based on a combination of cardiac electrical data recorded on the body surface and cardiac CT imaging. This technique can be used to create epicardial potential maps, and maps of epicardial activation and repolarization. Using this technology, Ghosh et al. recently demonstrated abnormally short activation-recovery intervals in inferior and lateral ventricular regions in patients with early repolarization syndrome, suggesting augmented repolarization and repolarization gradients in these areas that may represent substrates for ventricular arrhythmias. In the future, electrocardiographic imaging could prove to be a valuable tool for differentiating between malignant and benign forms of ER syndrome, thereby enhancing risk stratification ([@B36]).

Another novel technology that could potentially enhance risk stratification is a catheter equipped with monophasic action potential (MAP) electrodes. MAP catheters facilitate direct measurements of action potential characteristics and has the potential to characterize transmural repolarization gradients in detail. This may provide a more detailed characterization of the arrhythmogenic substrate in early repolarization syndrome patients. Invasive studies using this technique may be valuable in further investigating early repolarization patients who are at intermediate or high risk of sudden death ([@B37]).

Therapy {#s7}
=======

As an early repolarization pattern is relatively frequent ECG-finding in the general population and the incidence of idiopathic ventricular fibrillation or polymorphic ventricular tachycardia is relatively low, the majority of individuals presenting an early repolarization pattern ECG will remain asymptomatic and the isolated presence of an early repolarization pattern does not require further intervention.

ICD-implantation
----------------

Conversely, in patients with an early repolarization pattern who survived sudden cardiac death (early repolarization syndrome), the implantation of an implantable cardioverter defibrillator is indicated ([@B27]). The 2013 HRS/EHRA/APHRS Expert Consensus Statement gives recommendations for therapeutic interventions (Table [1](#T1){ref-type="table"}):

###### 

2013 HRS/EHRA/APHRS Expert Consensus Statement recommendations for ICD implantation in early repolarization syndrome patients.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Class I**   **1. ICD implantation is recommended in patients with a diagnosis of early repolarization syndrome who have survived a cardiac arrest**.
  ------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Class IIa     2\. Isoproterenol infusion **can be useful** in suppressing electrical storms in patients with a diagnosis of early repolarization syndrome.\
                3. Quinidine in addition to an ICD **can be useful** for secondary prevention of VF in patients with a diagnosis of early repolarization syndrome.

  Class IIb     4\. ICD implantation **may be considered** in symptomatic family members of early repolarization syndrome patients with a history of syncope in the presence of ST segment elevation \>1mm in 2 or more inferior or lateral leads.\
                5. ICD implantation **may be considered** in asymptomatic individuals who demonstrate a high-risk early repolarization ECG pattern (high J-wave amplitude, horizontal/descending ST-segment) in the presence of a strong family history of juvenile unexplained sudden death with or without a pathogenic mutation.

  Class III     6\. ICD implantation **is not recommended** in asymptomatic patients with an isolated early repolarization ECG pattern.
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In the setting of survived sudden cardiac death, a familial screening is recommended. In a case of isolated, asymptomatic early repolarization ECG pattern, there is no recommendation for familial screening.

Drug therapy
------------

The incidence of ventricular fibrillation episodes and electrical storm is relatively common in early repolarization syndrome patients after ICD implantation. Regarding drug therapy in this situation, there is evidence that isoproterenol infusion acutely suppresses recurrent ventricular fibrillation in these patients. The dose can be initiated with 1.0 μg/min and should target a 20% in baseline heart rate or an absolute heart rate \> 90 bpm, adapted to hemodynamic conditions and suppression of arrhythmia. The adrenergic activation with isoproterenol is likely effective by augmenting inward currents (particularly L-type Ca^2+^) which offset the net outward K^+^ current excess. Also the use of Quinidine or Hydroquinidine has been described to achieve a long-term suppression of ventricular fibrillation and ventricular tachycardia in early repolarization syndrome ([@B38], [@B39]). Quinidine, which inhibits outward currents, mainly I~to~, reduces the amplitude of the J wave and ST segment. The targeted range of Hydroquinidine serum levels should be 2--5 μg/ml, therefore a daily dose of 600 mg Hydroquinidine was applied in studies. In addition, Quinidine may reduce the early repolarization pattern or even restore a normal ECG in patients. The administration of Cilostazol, an oral phosphodiesterase III inhibitor which has been shown to be an effective drug therapy in Brugada syndrome, has also been described to successfully terminate ventricular fibrillation episodes, which were refractory to Quinidine therapy in early repolarization syndrome. Cilostazol has been shown to have a significant effect to block I~to~ and to augment I~Ca~, reducing the occurrence of phase 2 reentry phenomenon ([@B40], [@B41]).

Conclusion {#s8}
==========

Whereas, an early repolarization pattern is frequently found in the overall population, the incidence of idiopathic ventricular fibrillation and the risk of early repolarization syndrome is relatively low. Several studies distinguished benign from more malignant early repolarization patterns. However, the mismatch between frequently found early repolarization ECG patterns, low incidences of early repolarization syndrome related sudden cardiac deaths, but fatal, grave consequences in affected patients remains a clinical challenge.
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